Abstract Due to its high adaptability, cassava (Manihot esculenta Crantz) is one of the world's most cultivated and consumed plants after maize and rice. However, there are relatively few scientific studies on this important crop. The objective of this review was therefore to summarize and discuss the available information on cassava cropping in order to promote sustainable practices in terms of production and consumption. Cassava cultivation has been expanding recently at the global scale and is widely consumed in most regions of South America, Africa, and Asia. However, it is also characterized by the presence in its roots of potentially toxic hydrocyanic acid. Furthermore, cassava can also absorb pollutants as it is currently cultivated near roads or factories and generally without consideration for potential sources of soil, water, or atmospheric pollution. Careful washing, peeling, and adequate preparation before eating are therefore crucial steps for reducing human exposure to both environmental pollutants and natural hydrocyanic acid. At present, there is not enough precise data available on this staple food crop. To improve our knowledge on the nutritive benefits versus health risks associated with cassava consumption, further research is necessary to compare cassava cultivars and precisely study the influence of preparation methods.
Introduction
Cassava (Manihot esculenta Crantz), a member of the Euphorbiaceae plant family native to South America (Blagbrough et al. 2010) , is widely consumed in most African countries for the high starch content in roots (Srinivas 2007; Addo 2010; Zhu et al. 2015) . It is also found in Asia and Australia (Burns et al. 2012) . Cassava is highly drought resistant and adapts to different environmental conditions even in poor soils and therefore does not require substantial maintenance for optimal growth (Yaninek and Schulthess 1993; Montagnac et al. 2009; Voko and Zeze 2013) . As well as being a staple food, cassava is also used in various industrial applications including biofuels, textiles, paper, adhesives, sweeteners, glues, plywood, and many others (Srinivas 2007; Yu and Tao 2009; Li et al. 2015) . Its cultivation is increasing worldwide mainly for human consumption: cassava production increased from 230 million t in 2010 (Zhu et al. 2015) to 277 million t in 2013 (Latif and Müller 2015) , and it is now one of the most cultivated plants in the world (after wheat, rice, and maize).
Like other plants, cassava can be exposed to different organic and inorganic pollutants through the soil, atmosphere, or water. Persistent trace metal elements (TME) are frequently observed in anthropogenic areas with concentrations above the natural background levels (González et al. 2015; Mombo et al. 2015) . The fate of these TME in terms of mobility, bioavailability, phyto-uptake, and compartmentation in different parts of the plant depends on both their chemical form (chemical speciation) and compartmentalization Xiong et al. 2014b; Mombo et al. 2016) . Furthermore, in African countries (south of the Sahara), farmers still widely use pesticides and herbicides (Ntow et al. 2006 ) with little consideration for the environment and health concerns developed by REACH regulation (EC 1907 (EC /2006 and food regulations in Europe (Onyedika and Nwosu 2008) . Despite its expansion throughout the world for its crucial role as food, scientific studies on cassava, Bthe orphaned plant,^are scarce. Knowledge regarding the nutritive and health benefits of cassava associated with agronomical practices, environmental pressures, and plant cultivars is therefore necessary to develop sustainable cassava crops. Cassava plant characteristics, such as the size and shape of the webbed cassava leaves, soil-plant and atmosphere-plant transfer of nutrients and pollutants, and its natural toxicity, can vary considerably according to the plant cultivar (Xiong et al. 2014a) . Increasing the awareness of farmers and citizens, at the global scale, on the factors that affect the quality of consumed crops, and more precisely cassava, is therefore a crucial health and environment issue (Lichtfouse et al. 2009; Huang et al. 2015; Mombo et al. 2015) . Food intake is actually one of the primary routes of human exposure to pollutants (Xiong et al. 2014a; Mombo et al. 2015) , and agriculture is an important vector for sustainable development (Ntow et al. 2006) .
The objective of this review on cassava is to provide information on the quality of the crop and its advantages and uses throughout the world. We highlight the opportunities and gaps in knowledge concerning cassava cultivation and suggest factors necessary to promote its sustainable development. This review highlights (i) the overall characteristics of cassava cultivars, (ii) its interests for human nutrition, and (iii) its potential health risks due to its chemical composition.
Global characteristics of cassava and its interest for human nutrition
Characteristics, origins, and production areas in the world Cassava is a perennial woody shrub of the Euphorbiaceae family with enlarged tuberous roots (Addo 2010) . This annual plant is propagated from woody cuttings, and its growing cycle varies from 6 to 24 months or more depending on weather conditions, altitude, and soil characteristics (Bellotti and Arias 2001) . It varies in size from 1 to 2 m high ( Fig. 1 ) with opposed and large webbed leaves containing three to seven lobes hung on a spotty stem (Fig. 1) . Cassava roots vary in number, grow in an oblique direction in the soil, and are 40 to 2 m in length (Figs. 1 and 2). According to Dórea (2004) , more than 5000 varieties of cassava are registered in the world. This is why, differences in cassava quality in terms of nutrient and pollutant contents can certainly occur depending on the cultivar considered. Thus, the name of the studied cultivar should always be included in scientific publications.
Cassava is native to South America, and according to Soccol (1996) , it already existed for over 2700 years before Jesus Christ. It was domesticated by the people living along the borders of the Amazon, where it was widely cultivated for over 3000 years (Olsen and Schaal 1999) . The Aruak people whose name in their native language means Bpeople who eat the tubers^cultivated cassava many centuries before the arrival of Christopher Columbus (Schmidt 1951) . The main reason for which they migrated was to search for the best soils to cassava culture (Nassar 1978) . There are 98 wild species of cassava with several geographical origins in the vast region of South America (Sauer 1952) including 38 found in Brazil (Nassar 1978) . Cassava was introduced to Africa in the sixteenth century and from Africa to Asia in the seventeenth or eighteenth century (Pandey et al. 2000) . Currently, it is cultivated in tropical and subtropical countries of America, Africa, and Asia. In Africa, it is now cultivated across an extensive area, referred to as the Bcassava belt^ (Bellotti and Arias 2001) . More than 105 countries in the world are presently cultivating and producing cassava (Fig. 3) . Depending on the country and language, it has many different names: cassava (in Englishspeaking countries in Africa), Timba (Gabon), Bankye (Ghana), Mhogo/Mihogo (Tanzania), Agbeli (Togo), Mandioka (Gambia), Tapioca (Malaysia, Indonesia, India, Pacific countries) (Pandey et al. 2000) , Manihot or Mandioca (Latin America), and Mafilinapaka (Malagasy Republic).
Particularly in Africa and South America, the area allocated to cassava culture is increasing rapidly, and over the last 30 years, the area for cassava crops has doubled and is expected to increase further (Burns et al. 2010) . Cassava was cultivated over an area of more than 19 million ha in 2010 (Montagnac et al. 2009; Zhu et al. 2015) . Approximately 57% of cassava roots are used for human consumption and 32% for animal feed and industrial purposes, and 11% is waste (Bellotti et al. 1999) . Global cassava production increased to around 230 million t in (Zhu et al. 2015 . Its production reached 276.7 million t in 2013 (Latif and Müller 2015) . It is expected that the annual production of cassava may increase to 291 million t by 2020 (Scott et al. 2000) . Of the total cassava production, Africa accounts for 51.3%, Asia 29.4%, and Latin America 19.3% (Bellotti et al. 1999) . Cassava roots are consumed by over 500 million people living in the tropics and below the Sahara (Best and Henry 1992; Ano et al. 2013) , and nearly one billion people in the world (Sajid and Joachim 2014) . The cassava root is part of the main staple foods in Sub-Saharan Africa (Tsegai and Kormawa 2002) . In some rural areas in Ghana, the annual cassava consumption is estimated at 153 kg per year (Adjei-Nsiah and Owuraku 2012), which shows the importance of this food for populations in some parts of the world. In Malawi, cassava consumption increased from 22 g per capita per day in 1990 to 282 g per capita per day in 2005 (Table 1) , while maize consumption decreased over the same period from 345 to 316 g per capita per day (Cańigueral and Vanaclocha 2010) . Thailand is the main cassava-producing country (in terms of quantity) with approximately 40 million t per year with 60 to 70% generally for own consumption.
Worldwide, nearly 50% of annual production of cassava roots is used to extract millions of tons of starch. In India, the deficit area to meet the demand is estimated at over 750,000 ha (Kolind-Hansen and Brimer 2010). Nigeria is the largest producer of cassava starch in terms of crop area, and areas used for growing cassava tripled from 1960 FAO 2005) and that country is nowadays strongly increasing its production (Oduwaye et al. 2014) . Other central African countries such as Gabon, Cameroon, and Congo are also showing increasing interest in the production and processing of cassava root starch.
Nevertheless, despite its immense importance in the developing world, cassava has always received less attention from Different cassava products (gari, cassava roots and chikuang).
[Cyanide] ≤ 100 mg.kg -1 FW Manihot esculenta (Sweet Cassava) [Cyanide] ≥ 100 mg.kg
Effect on thyroid function, neuropathy, Iodine deficiency (Onabolu et al., 2001) Cooking cassava during preparation, soak cassava in water for days to eliminate cyanide (Avoaja, 2013) .
Safe use naturally or after cooking. Bellotti et al. (1999) , IFAD and FAO (2005) , Kolind-Hansen and Brimer (2010) , Latif and Müller (2015) , Oduwaye et al. (2014) , Scott et al. (2000) , and Zhu et al. (2015) researchers than other crops and has earned the status of Borphan crop^ (Olsen and Schaal 1999) .
Consumption modes, advantages, and natural risks for human nutrition
Cassava is one of the main sources of carbohydrates around the world (Cock (1985) , after having been converted into gari, garri kpokpo, flour, foofo, or miondo ( Fig. 2) , different names are given to cassava flour in various areas of the world (Horsfall et al. 2006) ). Cassava root is the fourth most important source of sugar from carbohydrates in the tropics after rice, corn, and sugar cane (Blagbrough et al. 2010) . Cassava crops contain more calories per hectare than rice and sorghum.
Indeed, cassava roots are an excellent source of cheap calories for many countries: they represent 50 to 80% of all calories consumed in some African countries (Nassar and Dorea 1982) . The roots of fresh cassava mainly consist of carbohydrates (85-90%), with a high calorific content of approximately 125 to 140 kcal per 100 g. Table 2 shows daily energy intake from cassava consumption in three countries. In Angola, Tanzania, and Brazil, cassava contributes approximately 1039 cal per day, which is a significant proportion of energy for proper body functioning and health. Daily energy intake in different countries is closely correlated to the amount of cassava consumed per day as shown in Table 2 . Daily energy intake in Brazil is almost nine times lower than in Angola and four times less than in Tanzania. This finding confirms that cassava is an important source of carbohydrate intake for low-income countries and for people lacking resources (Nassar and Dorea 1982) . A study by IFAD and FAO (2005) showed that in several other African countries, cassava provides 600 kcal per person per day. In the Congo, in the late 1990s, many families ate cassava for breakfast, lunch, and dinner. Cassava contributed more than 1000 cal per person per day (IFAD and FAO 2005) in Congo. It is a staple food for many countries in Africa, south and central west America, Southeast Asia, and India (Zhu et al. 2015) . Moreover, even if the cassava stems are not currently used for cooking, Zhu et al. (2015) showed that cassava stems contain a large amount of starch that can be extracted and used. They observed that 87% of industrial starch used from cassava roots could come from the stem that is not consumable. Once harvested, cassava deteriorates quickly (1 or 2 days), so it must be quickly eaten or treated (Ceballos et al. 2004 ). Cassava products (for example, chikuang, gari, or flour), however, (Fig. 2 ) are long lasting, so they are naturally available throughout the year. The prices of these cassava foods are lower than those of other basic foodstuffs such as rice, maize, sorghum, and millet, which makes it an important food for the lowest social classes (Zhu et al. 2015) . In addition, some studies carried out on the nutritional value (especially proteins) of cassava products showed that transformation into flour or fermentation may increase the protein amount due to the action of fungi (Table 3) or microorganisms (Oboh and Akindahunsi 2003) . For these reasons, the demand for cassava products Countries are classified from the highest to the lowest quantities consumed (Nhassico et al. 2008 ) continues to increase regularly at the global scale. Additionally, the demand from Europe for starch, cassava chips, and cassava flour is still growing. In Brazil, 70 to 80% of cassava production is devoted to the manufacture of flour. Cassava roots contain only low amounts of lipids and proteins (Nassar and Dorea 1982; Ngudi et al. 2002; Avoaja et al. 2013 ). Thus, consumption of cassava roots must be associated with other food enriched in proteins and fat to provide a balanced diet. Cassava leaves, however, do contain high amounts of proteins and are an important part of the diet available throughout the year in several countries (Moyo et al. 1998) . Crude protein content in cassava leaves typically ranges from 20 to 30% dry weight (Gomez and Valdivieso 1984; Montagnac et al. 2009 ). In central Africa and specifically in Congo and Gabon, cassava is therefore considered a complete diet because the roots are used for Bbread^as an important source of glucose, and protein-rich leaves are considered Bmeat^ (Achidi et al. 2005) . Combined consumption of both tubers and leaves is therefore a sustainable balanced diet that could be further widely developed in other countries.
Another important characteristic of cassava plants is the presence of potentially toxic hydrocyanic acid (HCN) in roots depending on the cultivar. Cyanogenic glycoside toxin is naturally found in cassava roots (and also in fresh bamboo shoots), so it is essential to cook them prior to canning or consumption. According to the OECD (2016), a glucoside content of less than (sweet) or greater than (bitter) 100 mg per kilogram fresh weight is used for the classification of sweet (M. esculenta) and bitter cassava (Manihot utilissima Pohl). Other authors previously proposed three groups for cassava classification: sweet varieties (<50 mg kg − 1 ), intermediate varieties (50-100 mg kg − 1 ), and bitter varieties (>100 mg kg −1 ) (Nambisan 2011; Guédé 2013) . In the present paper, we will talk about sweet and bitter cassava using the OECD definitions. According to Dórea (2004) , the bitter cassava variety has a much higher concentration of glucosides (between 320 and 1120 mg g −1 ) than the sweet variety (range 27 to 77 mg g −1 ) (Fig. 2) . The two types of cassava are currently consumed. However, due to the toxicity of cyanide, cases of irreversible leg paralysis especially in children have been observed in Mozambique, Tanzania, Congo, and Cameroon and possibly other countries of tropical Africa. In addition to a bitter taste, cyanogenic glucosides such as lotaustralin and linamarin can be toxic. The linamarin glucoside, 2-(β-D-glucopyranosyloxy) isobutyronitrile, can be broken down by microbial flora in the human intestine and can promote the release of hydrogen cyanide (Kamalu 1995; Carlsson et al. 1999) . A few cases of acute intoxication leading to death were also observed (Cańigueral and Vanaclocha 2010) . According to Dórea (2004) , indigenous people in the Amazon have developed appropriate technologies that allow them to consume large quantities of these cassava roots throughout their lives without ever having any discernible adverse effects. However, studies in Africa have shown that high consumption of cassava in poor areas was strongly associated with endemic neuropathy and also an increase in iodine deficiency disorders (Onabolu et al. 2001) . HCN can be removed by baking or by fermentation in water for a certain period before processing (Avoaja et al. 2013) . Baking sweet cassava reduces the cyanide content to non-toxic levels. However, bitter cassava contains more toxins and should be prepared and cooked properly before being consumed. Soaking grated cassava roots in water for a prolonged period leaches cyanide and reduces toxin levels. Cooking further detoxifies the roots before consumption.
Cropping practices
Cassava crops provide good yields even on poor land (Voko and Zeze 2013) . Cassava can also be cultivated in extreme weather conditions such as high rainfall or extreme drought (Voko and Zeze 2013) . In Africa, it is mainly cultivated in forest and savanna areas, using indigenous agricultural methods. The soil receives little preparation, and sometimes, it is just cleared by burning. Cassava can withstand significant temperature variations between 16 and 38°C allowing its cultivation in a wide diversity of ecosystems (Keating and Evenson 1979; Cock 1985) . However, the ideal annual temperature for growth and optimal production was reported to be between 25 and 29°C (Conceicao 1979) , between latitudes 30°N and 30°S and levels up to 1800 m above sea level (Ceballos et al. 2004 ). Germination and yield decrease below 20°C (Keating and Evenson 1979) . Cassava can also withstand wide pH variations between 4.5 and 8 as observed by Islam et al. (1980) . Although it has few water requirements for optimum production, rainfall should generally be above 700 mm per year (El-Sharkawy et al. 1992) . Cassava crops are easy to maintain and require only two to three weedings per year. Cassava requires very little or no fertilizer. During its early stage of growth, it can be grown with other crops such as corn, peanut, sesame, millet, or beans (Isabirye et al. 2007) . Cassava is an annual plant. The cassava roots can be stored in the ground for several additional months making it an accessible food almost throughout the year. Some cassava varieties are mature after 6 months, and a few varieties can mature after a year for cuttings planted at the same time (Isabirye et al. 2007 ). All these characteristics explain its increased expansion at the expense of other crops such as maize, yam, or taro that require much more work and nutrients in the soil (Zhang et al. 2003) . However, the fact that cassava can be grown even on poor soils will tend to favor its expansion, reducing sometimes plant biodiversity in these areas (Oshunsanya 2016) . Finally, in the context of sustainable food, it appears optimal for poor populations to produce a part of their food just near the areas where they live. Cultivation of cassava can be an important and sustainable practice in this regard.
Other uses
Cassava is now also used for ethanol production. Approximately 280 l of 96% pure ethanol can be produced from 1 t of cassava, with a starch content of 30%. Several studies have shown the superiority of cassava over maize for biofuel production (Zhang et al. 2003; Dai et al. 2006) . Other studies have concluded that ethanol from cassava was significantly better in terms of energy efficiency than that produced from maize (Jakrawatana et al. 2015) . Ethanol production from cassava is about 6717 L ha −1 compared to 3880 L ha
for corn (Ziska et al. 2009 ). Cassava also needs much less inputs and water than maize (Dai et al. 2006) . There are also several other useful cassava products such as confectionery, sweeteners, glues, plywood, textiles, paper, biodegradable products, monosodium glutamate, and drugs (Braide and Adetoro 2013; Igbinosa 2015; Tonukari et al. 2015) . In the textile industry, starch is used for sizing cotton yarn before weaving. Maize starch is the major competitor of cassava starch for use during sizing (Srinivas 2007) . Because of its good adhesive properties, cassava starch has become an important raw material in the adhesives sector.
Cassava contamination, phytotoxicity, and consequences on human health
Plant contamination by metallic trace elements and phytotoxicity
General overview of cassava plant contamination Even though cassava is a staple food crop in many countries, very few studies have investigated cassava contamination and the impacts on plants and consumers. The majority of cassava is directly consumed or sold by small producers in countries where environmental health regulations are much less well developed than in Europe. Although soil or atmospheric pollution and transfer to ecosystems have been well documented for numerous commercialized plants, cassava crops are not extensively studied. In this section, we will describe how pollution can affect cassava crops and the potential risks using information from available publications. Several sources of pollution such as cement factories, battery recycling factories, industries, agriculture, and road traffic can be major causes of environmental contamination by TME in the areas where large cassava crops are grown (Kalafatoğlu et al. 2001; El-Abssay and Hassanien 2011; Schreck et al. 2011; Goix et al. 2015; Austruy et al. 2016) . Actually, lead, cadmium, mercury, arsenic, and antimony are (eco)toxic TME currently observed in the environment worldwide (Shahid et al. 2015a) . Several TME such as Al, Be, Cr, Cu, Mn, Ni, Pb, and Zn, among others, have been identified in fallout from cement plants in several African countries located near cassava fields (Schuhmacher et al. 2002) . Figure 4 illustrates the general pathway of pollution transfer from atmospheric fallouts and the facts discussed in this review: contamination of cassava, phytotoxicity, and human bioaccessibility. When TME-polluted cassava is eaten by animals or humans, it may cause severe health problems (Demir et al. 2005) . Serious systemic health problems can result from excessive dietary accumulation of heavy metals such as Cd and Pb in the human body (Oliver 2008) .
Soil-cassava transfer of metal(loid)s and consequences on pollutant accumulation in the plant Kalagbor and Opusunju (2015) reported high levels of heavy metals (Ni, Zn, Cu, Pb, and Fe) in cassava and plantain compared with FAO/WHOrecommended values from farmlands in Kaani and Kpean, Nigeria. Hart et al. (2005) also found higher concentrations of Pb, iron (Fe), Cu, and Zn in five crops (cassava, cocoyam, okra, pumpkin, and water leaf) harvested from areas with high industrial activity compared to the non-industrialized area of Port Harcourt city in Nigeria. Similar studies carried out by Nkwocha et al. (2011) revealed heavy metal concentrations higher than the permissible WHO value in tuber crops (cassava, plantain, and cocoyam) cultivated in farmland around the Elelebu oil flow station in Bayelsa state, Nigeria.
Idodo-Umech and Ogbeibu (2010) also reported that heavy metal concentrations in cassava roots grown in petroleumimpacted soil Olomoro (south local Government Area, delta State Nigeria) were significantly higher than in those grown in reference non-impacted soils. In addition, a few publications examined the use of cassava as a bioaccumulator and their results are quite contrasting. For example, Idodo-Umech and Ogbeibu (2010) concluded that cassava could be considered as a bioaccumulator for some metals such as Fe, Zn, Pb, and Mn. They reported that the concentrations of these metals in cassava roots grown in petroleum-impacted soil were significantly higher than those in the corresponding control soil. They also observed that metal concentrations in the cassava strongly depended on the concentration in the soil and that the concentrations varied between the different parts of the plant as observed by Mombo et al. (2016) . Similarly, Kříbek et al. (2014) also reported higher concentrations of various metals (Cu, Co, Zn, As, and Pb) in cassava leaves than in stems and roots. Concentration of these metals in leaves was also higher than their concentrations in the soil. However, in contrast, Adjei-Nsiah and Owuraku (2012) concluded that metal concentrations in cassava leaves were lower than in the soil. They suggested that cassava leaves falling on the soil enrich the soil with nitrogen, phosphorus, and metals during their biodegradation by microorganisms. These contrasting findings could arise from the varieties of cassava studied, the age of the crop, the season studied (dry or rainy), type of heavy metals, etc.
Atmosphere-cassava transfer of metal(loid)s and consequences in terms of pollutant accumulation in the plant Another, sometimes very significant, way for plant contamination is the atmosphere-plant transfer of metals . Actually, atmospheric transfer is very important for phyto-accumulation of metals when plants are exposed to fallout such as fine particles enriched with metals. Indeed, Xiong et al. (2014a) measured 310 mg Pb kg −1 (dry weight) in parsley, which had only been exposed for a few weeks to a contaminated atmosphere. Considering that in many countries, cassava leaves are consumed for their protein content and that these are also frequently exposed to aerial metal contamination (factories, roads…), it is important to increase our knowledge on cassava quality in relation to environmental characteristics considering soil, atmosphere, and water quality. Actually, high concentrations of metals in cassava leaves consumed in several parts of Africa and Asia (Achidi et al. 2005) can be due to high atmospheric pollution in these areas. Moreover, studies in this area also showed that metal concentrations in the leaves decrease in the rainy season and increase in the dry season (Chukwuma 1995) . The problem of air pollution by particulate matter containing heavy metals (anthropogenic: motor vehicles, biomass, fossil fuel burning and natural sources: windblown soils and sea spray) has recently became a threat to plant quality (Bilen 2010; Xiong et al. 2014a; Leveque et al. 2014 ). Atmosphereplant transfer depends on the plant species and leaf area; this should be of major concern because of the potential risks to local inhabitant health (Adriano 2001) . The main source of environmental contamination in regard to cement production is related to the emission of dust and gas (Bilen 2010; Hindy et al. 1990) . Several recent studies concerning TME transfer in plants and their human bioaccessibility have revealed serious risks associated with growing food crops in areas of high atmospheric micronic and sub-micronic particle pollution (Uzu et al. 2009; Mombo et al. 2016) . Edori et al. (2015) reported that automobile exhaust emissions and roadside sediments (due to high heavy metal contents in soil) are the most likely sources of heavy metals in gari.
Phytotoxicity Excessive accumulation of heavy metals in plants via both root (soil-plant) and foliar (atmosphere-plant) uptakes was reported to induce a range of phytotoxic effects, which can be biochemical, physiological, or morphological (Shahid et al. 2015b ). These effects include reduced seed « TME transport TME emission Terrestrial ecosystems contaminaƟon by TME Atmosphere-plant transfer
Soil-plant transfer (phytoavailability)
Human exposure (bioaccessibility) Fig. 4 General pathways for pollutant transfer in soil-plantatmosphere systems. TME trace metal element. By Mombo et al. (2016) germination, root elongation, biomass, and inhibition of chlorophyll biosynthesis Austruy et al. 2014) . Heavy metal phytotoxicity in plants depends on numerous physiological and molecular functions of the metal and crop, such as the following: (i) uptake and binding to root exudates and cell wall constituents; (ii) chelation and complexation of metal ions by various substances such as phytochelatins, glutathiones, metallothioneins, amino acids, and organic acids; and (iii) activation of plant defense systems for proper functioning of metabolic pathways (Shahid et al. 2013) . At present, very little data are available regarding the effect of heavy metals on cassava.
As many high-yielding, disease-resistant varieties of cassava have been developed in Africa, Ano et al. (2013) evaluated the effect of three heavy metals (Ni, Pb, and Cd) applied at four rates (0, 100, 200, and 300 mg kg ) on five improved cassava varieties (TMS 97/2205, TMS 98/0510, TME 419, TMS 98/0505, and TMS 98/0581) (Table 4). They observed that heavy metals significantly reduced sprouting, root weight, root length, stem girth, and dry matter yield of the cassava. They concluded that the reduced germination and growth of cassava exposed to the metals were related to reduced water absorption by the roots (Table 5) . Indeed, metals are well known to physiologically block the absorption of water during seed germination and plant growth (Azmat et al. 2006) . They also reported that the effect and extent of the influence of the heavy metals varied with cassava variety and metal type. A steady reduction in the number of cassava leaves on the four varieties exposed to Cd and Ni at 100 and 300 mg, respectively, was also observed, whereas Pb exposure had no effect on the number of cassava leaves at these same concentrations (Table 5) . Similarly, Ryser and Sauder (2006) observed that a delay in the growth of Hieracium pilosella L. decreased leaf numbers and also a decrease in life duration after exposure to the TME.
Risks of consuming cassava grown in polluted areas and natural cassava toxicity
Risks of consuming cassava grown in polluted areas In a recent study carried out in the Nigerian city of Port Harcourt, Edori et al. (2015) reported that in gari (cassava powder) sold on the roadside, concentrations of Fe, Zn, Cd, and Cr were higher than the daily doses of trace metals allowed in food by the Food and Agriculture Organization (FAO). For example, the Fe concentration (39.8 mg kg , respectively) were also higher than the FAO-recommended daily concentrations for these two elements (1.5 mg day
−1
). Cd and Cr also showed high bioaccumulation factors (26 and 93, respectively), certainly responsible for significant damage to human health (Edori et al. 2015) .
Human exposure to heavy metals can occur through several pathways (Uzu et al. 2014 ), but the main way remains food consumption (Xiong et al. 2014c) . Human exposure and the health impacts of cassava ingestion may essentially depend on the mode (roots, powder, etc.) of cassava consumption, the quantities consumed, and the geographic zone considered, that is to say, the local context of contamination. Cassava consumption largely differs worldwide, especially depending on the considered countries and regions. In the present review, we have focused on cassava consumption as roots in Africa (Nigeria), as the main way of potential human exposure to TME. Most of the studies on cassava contamination by TME reported an accumulation of Cd, Pb, and Zn; therefore, we have chosen Pb, Zn, and Cd as examples for exposure calculations and a risk assessment. In order to assess the impact of metal pollutants on human health after cassava ingestion, daily intake (DI, μg day Daily intake of metal DI; μg kg
body weight kg ð Þ ð1Þ
In order to calculate a possible DI of Pb, Cd, and Zn in cassava, we considered the concentrations of these metals reported by Onyedika and Nwosu (2008) in Amazonia, Nigeria (0.08, 1.890, and 1.070 μg g −1 of dry weight (DW) for Pb, Zn, and Cd, respectively). Heavy metal concentrations per DW were converted into concentrations per fresh weight (FW): (percentage of dry matter in the sampled plant tissue) × (average water content at 25% for cassava roots) (Hoover 2001) . The average daily consumption of cassava per person may vary depending on the considered country (Table 1) . Generally, in Africa, the mean DI of cassava is approximately 294 g per capita per day as, for example, in Nigeria (Cańigueral and Vanaclocha 2010) . However, those values decrease highly in Europe as flour and chip consumption (Kolind-Hansen and Brimer 2010).
Average body weights in Nigeria are estimated as 64 kg for women and 72 kg for men (Ehimwenma and Tagbo 2011) . So, an average of 68 kg of body weight for an adult in Nigeria was then chosen for risk assessment. The determined DI values were then compared to tolerable daily intake (TDI, μg kg −1 day −1 ) expressed as the quantity of metal ingested each day (μg) as a function of kilogram body weight. The TDI values were established by assessing urban impacted soil for urban gardening Toronto Health 2011 at 100; 15,000; and 0.5 μg kg −1 day −1 , respectively, for Pb, Zn, and Cd.
The maximum daily quantities of cassava consumed in Africa to reach the TDI for each TME can therefore be calculated with Eq. 2:
Daily cassava consumption kg plant per kg body weight and per day ð Þ ¼ TDI μg kg The maximum quantity of cassava contaminated by TME (i.e., Pb, Zn, and Cd in Nigeria) that can be consumed daily without exceeding the TDI is given in Table 6 . The results showed that there is no risk associated with cassava consumption for Pb and Zn in this area. However, the consumption of 294 g day −1 of cassava contaminated with Cd could have negative effects on health in this area. This is because the maximum quantity of Cd-exposed cassava roots, which can be safely consumed by an adult of 68 kg, is less than 1.9 g day −1
. Cadmium is classified as a type I carcinogen species by the International Agency for Cancer Research (Souza-Arroyo et al. 2012 ) especially because of its high bioaccumulation (Xiong et al. 2014a; Mombo et al. 2015) . Another study reported increasing mortality of populations living in Cd-polluted areas (Iwata et al. 1992) . This shows that extreme care should be taken in the case of Cd due to its high bioavailability and toxicity (Valko et al. 2015) . Thus, these results suggest possible exposure and toxicity for people who consume cassava grown in the vicinity of mining areas, recycling factories, or also roads (Xiong et al. 2016) .
Natural cassava toxicity (hydrogen cyanide) Although cassava is a food with many nutritional benefits, it can also be detrimental to human health as explained by Onabolu et al. (2001) : out of 1272 individuals living in different parts of Nigeria where the staple food is cassava, more than 60% had high thiocyanate concentrations (certainly originating from cyanide in bitter cassava). Cyanide is a highly effective poison for animals, insects, and plants. More than 2000 plants use cyanide to protect against marauding animals and insects (Jones 1998) . Plants, such as cassava, first produce glucoside cyanogen, which is then transformed into hydrogen cyanide (HCN) (White 1998) . The lethal oral dose of HCN for a 60-kg adult is 30-210 mg. According to Nhassico et al. (2008) , cyanogen glucoside content in cassava roots and leaves is very dangerous to human health and can, in extreme situations, produce acute intoxication that can lead to death. It is responsible for the BKenzo anomaly^that leads to neuropathy and delay in growth of some children in several African countries including tropical Mozambique, Tanzania, Democratic Republic of Congo, Cameroon, and Central African Republic. Kenzo anomaly in children is responsible for irreversible paralysis of the legs, with thousands of cases in the previously mentioned countries (Nhassico et al. 2008) . A study conducted by Dhas et al. (2011) on people who had worked in a cassava-processing plant for 5 years found that it had an impact on their thyroid glands with insufficient iodine uptake as well as kidney and liver malfunction. Before consumption, methods can be used to decrease the amount of cyanide in the cassava. According to the FAO (1991) , an efficient processing method releases linamarase, which disintegrates the microstructure of the cassava root. The liberated cyanide dissolves in water when prolonged soaking causes fermentation. Soaking in water also improves detoxification since the cells are broken by osmosis and fermentation, which facilitates the hydrolysis of the glycosides. Compressing the product is a fundamental step in the removal of soluble cyanide. A short soak (4 h) has no effect, but if prolonged (18 to 24 h), the amounts of cyanide can be halved or even reduced by more than six times when soaked for several days (Nhassico et al. 2008) . Thus, this is a simple and highly recommended procedure for safe consumption.
Environmental benefits of cassava cropping

Biological agriculture and citizen information
Cassava is a robust plant, able to achieve optimal average production in diverse land types without agricultural inputs (fertilizers or pesticides). Other significant strengths of cassava are as follows: its low water requirements and ability to resist against pests (Bellotti and Arias 2001) . Thus, cassava has many real benefits over more demanding (expensive to grow) crops that are less tolerant to different soil types, latitudes, and environments, and it is also environmental friendly. Given its reliability and productivity, cassava has a unique and important position as a food security crop for smallholder farmers especially in tropical regions where climate, soil, or societal constraints limit crop production and do not often allow cultivation of a large variety of crops. In addition, with global warming, in the near future, this plant could be grown in larger areas. Currently, the pressure on food production and supply is increasing due to the increase in the global population. Rapid increases in population size, urbanization, and industrialization are leading to a decrease in available agricultural land and enhanced energy demand. The world's population is expected to increase between now and 2050 by more than two billion (Zhu et al. 2015) , and it is becoming increasingly difficult to sustain the whole population. Sustainable crop production with food crops that can be grown on marginal land with low requirements, such as nutritive cassava, is therefore one of the crucial goals of modern agricultural systems. This type of crop appears ideal for supporting increasing populations and concerns in terms of the environment, human health, and reducing ecological inequalities. In urban areas, however, atmospheric and soil pollutions are often observed, mainly due to the proximity of roads and agricultural and industrial activities which have been going on for centuries (Shahid et al. 2012; Mitchell et al. 2014) . Indeed, many pollutants can flow or accumulate in the atmosphere, water, soil, and finally vegetables (Uzu et al. 2014; Pierart et al. 2015; Clinard et al. 2015) . Marketed plants are regulated in Europe with respect to some targeted inorganic pollutants such as Pb, Cd, and Hg (EC, no. 466/2001) (Mortureux 2012) . In France, for example, the potentially most polluting anthropogenic activities are managed by the BICPE^regulation (http://www.installationsclassees.developpement-durable. gouv.fr/accueil.php), which is a specific regulation to protect the environment and human health. The ICPE regulations specifically impose participation in the BBASIAS( http://basias.brgm.fr/) and BBASOL^(http://basol. developpement-durable.gouv.fr/) databases, which record activities carried out using regulated plants (classified ICPE in France) and for soil remediation, respectively. A challenge for several countries throughout the world is therefore to develop regulations to reduce the emissions in the environment.
Due to the complexity of the biophysicochemical mechanisms involved in the transfer of substances in terrestrial ecosystems and the numerous interactions occurring, scientists can rarely provide citizens with simple information on the quality of their cultivated plants . They need first to carry out surveys, preliminary observations, and dedicate time and money to analyses and recommendations. They often have only a partial view of the ecosystem, and it is therefore difficult to answer with certainty a simple question from a citizen on the impact of pollution. The researcher will often answer: Bit depends^on soil characteristics (texture, pH, soil organic matter amount…), crop variety, and practices . Promoting practical collaborations between researchers and citizens is therefore a crucial environmental health issue, as millions of citizens cultivate and consume vegetables in the world. How to reconcile scientific research thrusts on the mechanisms involved and practical solutions to improve ecosystem services while increasing initiatives to bring science and society in this direction is an important challenge. This is the case of the participatory research formation network BReseau-Agriville^(http://reseauagriville.com/), which is an innovative project with shared and free resources concerning urban agriculture. This type of resource can help shape a favorable interface between knowledge and practice in the context of ecological transition at the global scale.
New value-adding cassava by-products: the peel Studies on polluted soils showed that cassava peel was enriched with metals (Padmavathiamma and Li 2007) . In order to reduce human exposure, it is therefore important to remove the skin. However, interestingly, cassava peel is showing potential as an efficient material for the remediation of wastewaters. Indeed, Bassey et al. (2013) found that soils near artisanal cassava-processing plants and, more specifically, areas around places where cassava peelings were deposited were generally acidic. This acidity is due to the hydrogen cyanide in the cassava peel. It can also be responsible for effluents that are pollution sources (Cock 1985) and factors promoting the mobility of metals. Indeed, the cassava peelings contain sulfhydryl functional groups that can promote thiolating process and immobilize the metal ions (Simate and Ndlovu 2014) . This study shows that these functional groups immobilized metal ions before their biosorption. In a context of a circular economy, cassava peelings could thus be used as agents for metal complexation in the context of remediation of polluted soils or wastewater cleaning.
Conclusions and perspectives
In the context of global warming and population increases, cassava is a promising sustainable food crop because of its multiple advantages: growth on marginal lands, no fertilizer requirements for optimal production, low water requirements, and ability to withstand large temperature variations. Indeed, it grows well at 30 N and 30 S latitude and at altitudes ranging from 0 to 1800 m above sea level in a range of humidity. Its high starch content and production per hectare (compared with other plants) make it a very interesting product in diverse fields including biofuels, textiles, cosmetics, stationery, sweeteners, confectionery, plywood, and many others.
However, the following advice can be given to the general population/farmers/decision makers/stakeholders in order to avoid significant health risks associated with cassava consumption:
1. Sweet cassava should be preferably cultivated, and/or the methods for preparing bitter cassava should be carefully followed.
2. The diet needs to be varied as much as possible, so carbohydrate-rich cassava should be regularly accompanied by meat or other foods high in protein (cassava leaves). 3. A challenge for numerous countries is to develop regulations to improve air and soil quality in order to safeguard crop quality.
To widely diffuse information on sustainable practices for cultivating and consuming cassava to the general public, a learning resource is available online on the network Réseau-Agriville (http://reseau-agriville.com/).
